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Computational Modeling and Experimental Analysis
of Nonsense-Mediated Decay in Yeast
poly(A) tail is shortened to an oligo(A) length (reviewed
in Tucker and Parker, 2000). However, whether or not
NMD always triggers rapid deadenylation-independent
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decapping is not known since different mRNAs or theUniversity of Arizona
PGK1 mRNA with nonsense codons at different posi-Tucson, Arizona 85721
tions have not been examined. When decapping or 5 to
3 exonucleolytic decay is blocked nonsense-containing
mRNAs can also undergo 3 to 5 decay, although suchSummary
3 to 5 decay occurs at a slower rate relative to decap-
ping and 5 to 3degradation (Muhlrad and Parker, 1994).A conserved mRNA surveillance system, referred to as
How different positions of nonsense codons affectnonsense-mediated decay (NMD), exists in eukaryotic
NMD is of interest because there is a polar effect duecells to degrade mRNAs containing nonsense codons.
to the location of the nonsense codon. Specifically, theThis process is important in checking that mRNAs
closer to the 5 end a nonsense codon is within thehave been properly synthesized and functions, at least
coding region, the larger the reduction in steady-statein part, to increase the fidelity of gene expression by
mRNA levels, and the faster the decay rate of the tran-degrading aberrant mRNAs that, if translated, would
script (Peltz et al., 1993; Hagan et al., 1995; Losson andproduce truncated proteins. Using computational mod-
Lacroute, 1979). This polarity of NMD has been showneling and experimental analysis, we define the alter-
for a variety of different genes in yeast (e.g., Losson andations in mRNA turnover triggered by NMD in yeast.
Lacroute, 1979; Leeds et al., 1991), C. elegans (PulakWe demonstrate that the nonsense-containing tran-
and Anderson, 1993), Drosophila melanogaster (Brogna,scripts are efficiently recognized, targeted for deadeny-
1999), plants (van Hoof and Green 1996), and mammalslation-independent decapping, and show NMD triggered
(Baumann et al., 1985; Wang et al., 2002). However, theaccelerated deadenylation regardless of the position
mechanism of NMD and how it gives rise to a polarof the nonsense codon. We also show that 5 nonsense
effect is not well understood.codons trigger faster rates of decapping than 3 non-
One hypothesis to explain the polar effect of NMD issense codons, thereby providing a mechanistic basis
the “leaky-surveillance” model. In this model, the furtherfor the polar effect of NMD. Finally, we construct a
away from the 5 end a nonsense codon resides, thecomputational model that accurately describes the
less likely such transcripts would be recognized by theprocess of NMD and serves as an explanatory and
NMD system in an initial distinction that occurs early inpredictive tool.
the life of the mRNA. That NMD occurs early in the mRNA
life is suggested by observations arguing that NMD oc-Introduction
curs during an initial pioneering round of translation
(Ishigaki et al., 2001). In the leaky-surveillance model,An important issue in eukaryotic cells is the accuracy
transcripts with 3 nonsense codons would then giveof mRNA biogenesis. Like other biological processes,
rise to two pools of transcripts. One pool would bethe cell has evolved mechanisms to ensure the fidelity
recognized and degraded rapidly due to NMD, and theof mRNA production. These quality control mechanisms
other pool would escape NMD and would thereby giverecognize and prevent the function of aberrant tran-
higher steady-state mRNA levels and slower apparentscripts. One conserved mechanism of mRNA quality
decay rates as compared to transcripts with 5 nonsense
control is referred to as nonsense-mediated decay
codons, where essentially all the transcripts would be
(NMD), wherein mRNAs containing premature transla-
recognized as aberrant and rapidly degraded. This is an
tion termination codons are recognized and rapidly de- appealing model since for several mammalian mRNAs
graded. This process occurs in a wide range of eukary- there appears to be a substantial pool of transcripts that
otes and has been extensively studied in yeast and escapes the NMD process (Maquat, 1995).
mammals (for review, see Hilleren and Parker, 1999; One manner by which such biological hypothesis can
Gonzalez et al., 2001). The process of NMD in both be tested is computational modeling. Previously, we
yeast and mammals requires the action of three proteins constructed a computational model for normal mRNA
Upf1p, Upf2p, and Upf3p, which distinguish normal from turnover and metabolism in yeast (Cao and Parker,
nonsense-containing mRNAs (for review, see Wilusz et 2001). In that work, we developed a mathematical model
al., 2001). for the biogenesis and decay of the yeast unstable MFA2
The mechanism by which NMD promotes accelerated and stable PGK1 transcripts that closely matches exper-
degradation has been rigorously examined only for the imental observations. This suggested that we have a
yeast PGK1 mRNA with a very early nonsense codon. strong foundation in understanding the pathways and
This work indicated that NMD could trigger rapid dead- kinetics of normal mRNA degradation in vivo, which
enylation-independent decapping (Muhlrad and Parker, could then be related to the process of NMD.
1994). This is a variation of the normal mRNA decay In this work, we utilized computational modeling of
pathway, in which decapping does not occur until the NMD in yeast to first test the above leaky-surveillance
model. The comparison of modeling results with experi-
mental observations indicated that the leaky-surveil-*Correspondence: rrparker@u.arizona.edu
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lance model could not explain the process of NMD or
the polar effect. Instead, our computational analysis
suggested that transcripts with nonsense codons at dif-
ferent positions are all effectively distinguished from
the normal mRNA, but are then degraded at different
position-dependent rates. Subsequent analysis of the
PGK1 mRNAs with nonsense codons at four different
positions provided several observations that supported
this prediction. First, the entire observable population
of nonsense-containing transcripts is recognized as ab-
errant. Second, the rate of decapping is accelerated in
a position-dependent manner, although the depen-
dence of decapping on deadenylation is removed at all
positions. This provides a mechanistic explanation for
the polar effect. Third, the experiments revealed that
NMD leads to accelerated deadenylation, which is an-
other property of NMD. Based on these observations,
we constructed a computational model that accurately
describes the process of NMD, provides explanations
for observations in the literature, and serves as a pre-
dictive tool for future work.
Results
Measurement of Changes in mRNA Decay Rates
and Steady-State Levels in Response
to Nonsense Codons
In order to evaluate the fitness of computational model-
ing with the in vivo mRNA decay network, we first gath-
ered a set of experimental data on the changes caused
by nonsense codons in mRNA decay rates and steady-
state levels. Although some of this information is present
in the literature, we repeated these experiments in our
strains so that all experiments would be directly compa-
rable. We utilized the mRNA encoded by the PGK1 gene
for two reasons. First, the behavior of the wild-type
PGK1 mRNA has been extensively analyzed and mathe-
matically simulated (Cao and Parker, 2001). This pro-
vides a critical starting point for computational modeling
on NMD. Second, this transcript responds to nonsense
codons with a polarity effect wherein more 3 nonsense
codons elicit less of a NMD effect than earlier codons
(Peltz et al., 1993). In these initial experiments, we deter-
mined the steady-state mRNA levels and decay rates
for a set of nonsense codons located at codon 22, 142,
225, and 319 in a wild-type strain and in an upf1 strain.
Our results generally agree with previously published
work (Peltz et al., 1993). Specifically, we observed that
nonsense codons in the PGK1 mRNA reduce steady-
Figure 1. Nonsense Codons in PGK1 mRNA Show a Polar Effect
state mRNA levels and accelerate mRNA degradation
in a manner dependent on the Upf1 protein (Figures
1A–1C). Similarly, we observed the polar effect where
(A) Comparison of decay rates of PGK1 transcripts after repression 3 nonsense codons have less of an effect on steady-
of transcription in wild-type strain. Time points are indicated above state levels and decay rates. We also observed some
the panel in minutes. Half-lives are shown on the right in minutes. minor differences from prior work. We observed that a
(B) Steady-state level comparison in wild-type strains. The levels of
nonsense codon at codon 319 leads to accelerated de-nonsense-containing PGK1 relative to normal PGK1 (set at 100) are
cay and Upf1p dependent reduction on steady-stateshown at the bottom of the gel.
(C) Steady-state level comparison in an upf1 strain. The levels of
nonsense-containing PGK1 relative to normal PGK1 (set at 100) are
shown at the bottom of the gel.
(E) The modeling results of the leaky surveillance model. kDID is set(D) The observed effect of different nonsense codon in PGK1 on
at 0.01 s1 for the graph shown here. The simulated half-life fordecay rates and steady-state levels. This is a chart for the results
normal PGK1 is 27 min and the steady-state level of normal PGK1shown in (A) and (B). The half-lives and steady-state levels shown
is set at 100%.are the average of three independent measurements.
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mRNA levels (Figures 1A–1C), whereas prior work had chase wherein a regulatable promoter is used to rapidly
turn a gene on, followed by rapid transcriptional repres-concluded that a nonsense codon at this position was
resistant to NMD (Peltz et al., 1993). This difference sion (Decker and Parker, 1993; Shyu et al., 1991). Specifi-
cally, it predicts that one pool of transcript will undergomight be due to strain variation or different experimental
methodologies. rapid deadenylation-independent decay, and the other
pool will undergo slow deadenylation-dependent de-
capping. Decay of mRNAs with late nonsense codonsComputational Modeling of the Leaky-
in a pulse-chase is not biphasic in actual experimentsSurveillance Model Cannot Explain
(see below). Based on the discrepancies above, we con-the NMD Polar Effect
clude that this leaky-surveillance model is not the cor-In order to rigorously evaluate the leaky-surveillance
rect reflection of in vivo NMD process in yeast.model for NMD discussed above, we constructed a
The reason for the discrepancies between the leaky-mathematical model building on our earlier modeling of
surveillance model and the experimental observationsnormal mRNA metabolism (Cao and Parker, 2001). This
can be understood as follows. First, in this model, tran-model is shown in Figure 2 and has two key features as
scripts are partitioned into normal or aberrant pools incompared to the normal mRNA decay network. First,
an initial and single distinction. Transcripts recognizedthere is a branch for deadenylation-independent decap-
as aberrant undergo rapid deadenylation-independentping once the mRNA enters the cytoplasm. Second,
degradation and only constitute a small percentage ofat this bifurcation we introduced a probability factor,
the total mRNA population at steady state. In contrast,referred to as the surveillance efficiency. Surveillance
mRNAs that escape NMD are recognized as normal andefficiency represents the probability that a transcript is
now undergo normal mRNA turnover. Because normalrecognized as aberrant. For example, when the surveil-
mRNA decay is much slower than NMD, the pool oflance efficiency is at 0%, it represents that all mRNAs
transcripts perceived as normal dominates the steady-are considered normal; when the efficiency is at 100%,
state mRNA pool and therefore long decay rates areit represents that all mRNAs are recognized as aberrant
predicted from steady state.and undergo deadenylation-independent decay. We in-
By exploring a range of possible mechanisms in com-troduced this term because earlier work had demon-
putational modeling (analysis not shown), we developedstrated that recognition of the mRNA as aberrant by
a different hypothesis for NMD referred to as the PIESNMD and the actual rate of deadenylation-independent
model (position independent efficient surveillance). Indecapping are separable events (Muhlrad and Parker,
this model, nonsense-containing transcripts are effi-1999). Keeping the same rate constants we previously
ciently recognized as aberrant, and the polar effect isdetermined for the PGK1 mRNA, we examined the be-
caused by different rates of NMD-stimulated decay. Thehavior of the system with different surveillance efficienc-
modeling result for this hypothesis is shown at Table 1.ies and a range of values for the rate of deadenylation-
We found that when we uniformly set the surveillanceindependent decapping (kDID).
efficiency at 98%–100% and assigned different kDID ratesWe first examined the behavior of the leaky-surveil-
to different nonsense codon positions, we were ablelance model with different surveillance efficiencies at a
to simulate the behavior of the PGK1 transcripts withspecific rate of deadenylation-independent decapping
nonsense codons at all four positions (Table 1). This(Figure 1E). We started with a kDID of 0.01 s1 because
suggested that the polar effect might be caused bythis fits the half-life of PGK1C22 (0.8) closely, which
different rates of NMD stimulated decay following effec-presumably represents the extreme case where almost
tive recognition of all aberrant transcripts.no transcripts enter the normal decay pool. We observed
that the computed results fit well with experimental ob-
servations for PGK1C22 when we set the surveillance Experimental Analysis of NMD Supports
the PIES Modelefficiency at 99%–100% (compare Figures 1D and 1E).
However, if the surveillance efficiency is 98% or lower, In order to test the predictions of the PIES model and
gain insight into how different positions of nonsensewe found there are several manners in which this leaky-
surveillance model does not fit with the existing data. codons actually affect the process of NMD, we exam-
ined the metabolism of the PGK1 transcripts containingThe biggest discrepancy is that the predicted change
on transcript abundance does not correlate with the nonsense codons at different positions in a transcrip-
tional pulse-chase analysis. In this experiment, we utilizepredicted change on transcript stability. For example,
when the surveillance efficiency is set at 70%, the the GAL1 UAS to rapidly induce, and then quickly re-
press, transcription of the gene, thereby producing asteady-state level is predicted to drop by 5-fold (Figure
1E), which is quite similar to the observed steady-state “pulse” of transcripts whose decay can be monitored
during an ensuing “chase”. The results are shown inlevel for PGK1C319 (Figure 1D). However, the predicted
half-life is only slightly altered (20 min compared to 27 Figure 3 and the significant observations detailed below.
First, we do not observe a substantial pool of tran-min for normal PGK1, see Figure 1E), while we actually
observe a 5-fold decrease on half-life for PGK1C319 scripts that deadenylate and decap at the rates of the
normal PGK1 mRNA. This is true even for the most distal(Figure 1D). We explored varying the surveillance effi-
ciency under a wide range of different kDID values, and nonsense codon (PGK1C319), where by 11 min the entire
population of transcripts is either deadenylated or de-in no case were we able to reproduce the experimental
observations (data not shown). The leaky-surveillance graded (Figure 3D). In contrast, for the normal PGK1
mRNA the entire population is only partially deadeny-model is also inconsistent with experimental data in that
it predicts “biphasic” decay in a transcriptional pulse- lated at 12 min (Figure 3E). Even on extremely long
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Figure 2. The Leaky-Surveillance Model for NMD
(A) The cartooned model. In this model, the surveillance efficiency determines the relative level of transcripts entering normal decay pool or
NMD pool. For 5 nonsense codon, the efficiency is higher so more transcripts are in the NMD pool. For 3 nonsense codon, the efficiency
is lower so more transcripts are in the normal decay pool.
(B) The modeling framework for the cartoon shown in (A). The boxed part is the NMD pool. The unboxed part is same as the framework used
to simulate normal PGK1 before (Cao and Parker, 2001). FL represents full-length. FG represents fragment. Same abbreviations are used
throughout this manuscript.
exposures we have been unable to detect a subpopula- ing deadenylation-independent decay, albeit at different
rates (see below).tion of nonsense-containing transcripts that behave like
wild-type mRNAs. This result does not fit with the predic- Second, for all four positions of nonsense codons, we
observed the production of adenylated mRNA frag-tion of biphasic decay from the leaky-surveillance
model. In contrast, this observation indicates that re- ments (Figure 3, fragment in A–D). This mRNA fragment
is an intermediate in 5 to 3 decay trapped by the inser-gardless of the position of the nonsense codon the tran-
scripts behave as a single population and are undergo- tion of a strong poly G structure in the 3 UTR of PGK1
Mechanisms of NMD in Yeast
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Table 1. Modeling Results of PIES Model
kDID set at 0.02 sec1 Observed For C22
Surveillance efficiency 0% 90% 95% 98% 99% 100%
Half-life (min) 27 4 1.3 0.8 0.7 0.6 0.8
Steady-state level 100% 4% 3% 2% 2% 2% 3  1%
kDID set at 0.01 sec1 Observed For C142
Surveillance efficiency 0% 90% 95% 98% 99% 100%
Half-life (min) 27 7 3 1.6 1.4 0.6 1.5
Steady-state level 100% 7.6% 5% 4% 4% 2% 4  1%
kDID set at 0.005 sec1 Observed For C225
Surveillance efficiency 0% 90% 95% 98% 99% 100%
Half-life (min) 27 10 5 3.2 3 2 2.5
Steady-state level 100% 14% 10% 8% 7% 6% 10  3%
kDID set at 0.0025 sec1 Observed For C319
Surveillance efficiency 0% 90% 95% 98% 99% 100%
Half-life (min) 27 14 9 6 5 5 5
Steady-state level 100% 27% 20% 16% 14% 13% 16  4%
The actual observed experimental results are shown in the last column for comparison. The modeling results with surveillance efficiency at
98–100% fits well with experimental observations for PGK1C22, PGK1C142, PGK1C225, and PGK1C319, respectively. When the surveillance
efficiency decreases to 98%, the simulated half-life is greater than actually observed.
transcript (Muhlrad et al., 1995). The observation that sult is not due to a strain difference between the dcp1-2
and the wild-type strains because PGK1 transcripts withmRNA fragments produced by decapping and 5 to 3
decay are adenylated demonstrates that the decapping four different positions of nonsense codon in a dcp1-2
strain at 24C behave similarly as they are in the wild-occurs prior to, or in conjunction with, deadenylation
for the populations of transcripts. This indicates that type strain (data not shown). This indicates that dead-
enylation-independent decapping and deadenylationdecapping is uncoupled from deadenylation for all the
positions of the nonsense codons. are occurring on the same pool of transcripts. Moreover,
when decapping is partially inhibited by dcp1-2 muta-
tion, which is estimated to cause a 10-fold decrease inNonsense-Containing Transcripts Undergo
Deadenylation at the Same Time decapping rate, the PGK1C22 behaves quite similar to
PGK1C225 in wild-type cells (compare Figure 4 and Fig-of Undergoing Decapping
We also observed that as the nonsense codons moves ure 3C). This suggests that one difference between
PGK1C225 and PGK1C22 is at the rate of decappingfurther down to the 3 end we observe both slower decay
(consistent with steady-state half-lives measurements), (see Discussion).
and an increased extent of deadenylation (Figures 3A–
3D). Specifically, for PGK1C22 and C142 we observe Nonsense-Containing Transcripts Undergo
Accelerated Deadenylationvery little deadenylation of the full-length mRNA during
loss of the transcript levels; for PGK1C225, we observe Another important observation from these experiments
is that the nonsense-containing PGK1 mRNAs undergosubstantial deadenylation during decay; and for
PGK1C319, we observe complete deadenylation and accelerated deadenylation as compared to normal
PGK1. Specifically, normal PGK1 deadenylates rela-continued decay from a deadenylated pool. This indicates
that the population of nonsense-containing mRNAs under- tively homogenously and it takes 20–30 min for the popu-
lation to reach an oligo(A) length (Figure 3E). However,goes deadenylation at the same time of being subject to
deadenylation-independent decapping. nonsense-containing PGK1 mRNAs where deadenyla-
tion can be observed (PGK1C225 and PGK1C319) dead-For PGK1C22, the transcripts decay rapidly before
substantial deadenylation is observed (Figure 3A). We enylate in a heterogeneous manner with a percentage
of the population being fully deadenylated by 5 minhypothesized that these transcripts are also subject to
deadenylation, but the rate of competing deadenylation- (Figures 3C and 3D). Measuring the bottom of the distri-
bution of poly(A) tail lengths in each case indicates thatindependent decapping is fast enough that the tran-
scripts simply decap and disappear before deadenyla- the fastest deadenylating transcripts for wild-type PGK1
deadenylate at 2–4 residues per minute, while the fastesttion can occur. If this is true, then decreasing the rate
of decapping should allow us to observe deadenylation nonsense-containing transcripts deadenylate with an in-
creased rate of approximately 8–10 residues per minute.on these mRNAs. To test this possibility, we examined
the turnover of PGK1C22 in a dcp1-2 strain, which is A similar rate of deadenylation is observed for PGK1C22
when decapping is partially inhibited (Figure 4) and/ora temperature-sensitive mutation in a subunit of the
decapping enzyme. This allele is fully functional at 24C, when 5 to 3 exonuclease is impaired (Muhlrad and
Parker, 1994).partially functional at 30C, and inactive at 37C (Tharun
and Parker, 1999). We performed a transcriptional pulse- Additional evidence that these mRNAs undergo accel-
erated deadenylation comes from the analysis of decaychase experiment for PGK1C22 in dcp1-2 strain at 30C.
We observed that when decapping is partially inhibited in a dcp2 strain, which is lacking the decapping en-
zyme (Dunckley and Parker, 1999). The advantage ofthe mRNA underwent deadenylation (Figure 4). This re-
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Figure 3. Decay of PGK1 with Different Posi-
tions of Nonsense Codon Is Consistent with
the PIES Model and Shows Multiple Upf1p
Dependent Mechanisms of Destabilization
Shown are transcriptional pulse-chase analy-
ses of PGK1 mRNA with different positions
of nonsense codon in a wild-type strain (left
side) or in an upf1 strain (right side)
(A, A) PGK1 with a nonsense codon at codon
22.
(B, B) PGK1 with a nonsense codon at codon
142.
(C, C) PGK1 with a nonsense codon at codon
225.
(D, D) PGK1 with a nonsense codon at codon
319.
(E, E) Normal PGK1 without a nonsense
codon.
dT indicates oligo dT/RnaseH cleavage to in-
dicate the position of fully deadenylated spe-
cies. The samples from 0 min time points are
used for dT treatment. Pre indicates a time
point taken prior to induction of transcription.
Time points are indicated above the panel in
minutes after transcriptional repression. The
relative position of full-length species and de-
cay fragment trapped by the poly G structure
are indicated at right. Upper and lower parts
in (A)–(E) are different exposures of the same
gel to show the full-length and decay frag-
ment. The blots for (A)–(D) were probed with
ORP121, which is complementary to the poly
G sequence (Muhlrad and Parker, 1994).
this experiment is that the competing decapping reac- enylation 2 to 3 times faster than normal PGK1 tran-
scripts. We also observed that dcp2 strains showtion can be completely blocked and deadenylation rates
for all the different positions of the nonsense codons slightly slower rates of deadenylation when compared
to wild-type strains for both normal and nonsense-con-can be examined following transcriptional repression.
In addition, we performed this experiment from steady- taining transcripts (data not shown). However, because
we observed faster deadenylation by both experimentalstate populations and measured the decline in size of
the longest poly(A) tails. This provides a different assay methodologies, we conclude that nonsense-containing
PGK1 mRNAs undergo accelerated deadenylation.for the rate of deadenylation by observing a different
segment of the population. We observed that acceler- Interestingly, we observed that the half-life of non-
sense-containing PGK1 transcripts in the dcp2 strainated rates of deadenylation are observed for all positions
of the nonsense codons (Figure 5B), with a rate of dead- were all approximately 20 min, suggesting that the 3 to
Mechanisms of NMD in Yeast
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Figure 4. PGK1 with an Early Nonsense Codon Can Also Undergo
Accelerated Deadenylation
Shown are transcriptional pulse-chase analyses of PGK1C22 (A) or
normal PGK1 (B) in a partial decapping mutant dcp1-2 strain at
30C. Time points are indicated above the panel in minutes. The
samples from 0 min time points are used for dT treatment. The
smear shown in both gels especially at late time points is likely
caused by incomplete shutoff of transcription.
5 decay rate is the quite similar for all nonsense codon
positions. Because deadenylation for nonsense-con-
taining PGK1 is already accelerated compared to normal
PGK1, we use computational modeling to accurately
calculate the rate of 3 to 5 decay incorporating the
observed difference in the rate of deadenylation. We
found the 3 to 5 decay for nonsense-containing PGK1
is, at most, accelerated 2-fold compared to the normal
PGK1 transcript (see Table 2). Comparison of the rates
show that 3 to 5 decay for nonsense-containing PGK1
is only a minor pathway relative to 5 to 3 decay, even
for a mRNA with a nonsense codon located in the 3
portion of the coding region.
The Accelerated Deadenylation
Figure 5. The Accelerated Deadenylation Is Independent on the Po-Is Upf1p Dependent
sition of Nonsense CodonThe accelerated deadenylation of nonsense-containing
(A) Shown is decay from steady state of different PGK1 mRNAs inPGK1 transcripts could be due to two possibilities. First,
a dcp2 strain yRP1358. Time points are indicated above the panelrecognition of a transcript by the NMD system might
in minutes after transcriptional repression. The half-lives are deter-trigger faster deadenylation. In this view, the population
mined by running the same samples on agarose gel. The half-lives
undergoing accelerated deadenylation represents aber- shown are averages from two independent measurements.
rant transcripts detected by the surveillance system. (B) Deadenylation rates measured from the acrylamide northern gels
in (A).Alternatively, the faster deadenylation could be due to
Cell
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Table 2. Kinetic Parameters and Some Simulation Results in the Final Modeling of Nonsense PGK1
C22 C142 C225 C319 Normal PGK1
Transport (sec1)a 0.015 0.015 0.015 0.015 0.015
Decapping (sec1)b 0.05 0.015 0.005 0.002 0.000462
Deadenylationc 8–10 A/min 8–10 A/min 8–10 A/min 8–10 A/min 2.5 A/min
3 to 5 Decay (sec1)d 0.0006 0.0006 0.0006 0.0006 0.00030.0005
Simulated t1/2 (min) 0.9 1.3 2.6 5.2 28
Observed t1/2 (min) 0.8 1.5 2.5 5 28.5
Simulated steady-state level 3% 4% 8% 16% 100%
Observed steady-state level 3  1% 4  1% 10  3% 16  4% 100%
a The transport rate used here is slower than previously published in order to fit with the half-life of PGK1C22 (Cao and Parker, 2001). Transport
rates are assumed to be the same for all PGK1 transcripts here.
b Decapping rates for A70 to A20 for normal PGK1 are zero.
c The rate is obtained from transcriptional pulse-chase experiments in wild type or decapping mutant.
d The rate of 3 to 5 decay is obtained as previously described by fitting the half-life observed in dcp2 when decapping rates are set at zero
(Cao and Parker, 2001). For normal PGK1, when 3 to 5 decay rate is at 0.0003 sec1, the calculated half-life is 52 min when decapping rates
are set at zero. When this rate is at 0.0005 sec1, the calculated half-life is 40 min when decapping rates are set at zero.
the failure to translate some PGK1 stability elements refer to this model as the PIES model (position indepen-
dent efficient surveillance). This model has the followingthat slow deadenylation and is not directly related to
key features (shown in Figure 6). First, the transcriptsthe process of mRNA surveillance. If the faster deadeny-
undergo a distinction phase where nonsense-containinglation is caused by recognition of the mRNA as aberrant,
and normal mRNAs are distinguished from each other.then the increased rate of deadenylation should be de-
In principle, this distinction could be partial or absolute.pendent on the Upf proteins, since they are required
Because our current data suggested that all the yeastfor the recognition of nonsense-containing mRNAs as
PGK1 mRNA molecules behaved as aberrant, even whenaberrant.
the nonsense codon was quite 3 end, we initially setTo test this possibility, we determined whether or not
this distinction as operating at 100%. Second, the modelthe accelerated deadenylation of nonsense-containing
incorporates the fact that nonsense-containing tran-PGK1 transcripts was dependent on Upf1p in a tran-
scripts show several differences from normal mRNAsscriptional pulse-chase experiment. We observed that
including accelerated deadenylation, loss of the abilitythe deadenylation rate of PGK1 transcripts in an upf1
of the poly(A) tail to inhibit decapping, and the accelera-strain was about 2–4 A per minute, regardless of the
tion of decapping rate. Finally, we included that non-position of the nonsense codon (Figures 3A–3D). This
sense-containing transcripts can be subjected to accel-rate of deadenylation is quite close to the deadenylation
erated decapping and deadenylation at the same time.rate of normal PGK1 (Figure 3E). Moreover, in a
In this model, since deadenylation and decapping aredcp1upf1 double mutant, the deadenylation of
uncoupled, we assumed that the decapping rate (kDID)PGK1C22 is slowed down to the same rate as normal
is unchanged after deadenylation.PGK1, compared to the fast deadenylation rate of
Based on experimental data presented in Figures 3,PGK1C22 in dcp1 alone (data not shown). These re-
4, and 5, we were able to obtain the rates for deadenyla-sults indicate that recognition of an mRNA as aberrant
tion and 3 to 5 decay of nonsense-containing PGK1by the Upf proteins leads to accelerated deadenylation.
transcripts (see Table 2). The rates of deadenylation-Therefore, recognition of a premature translation termi-
independent decapping (kDID) for different nonsense co-nation codon leads to both accelerated deadenylation
don positions were obtained by finding values of thisand deadenylation-independent decapping.
constant that accurately reproduce the poly(A) tail dy-We also observed in this experiment that the decay
namics during the course of transcriptional pulse-chase.of the PGK1C22 mRNA following deadenylation was
The rates obtained in this manner for each nonsensesubstantially faster than the normal PGK1 in an upf1
codon position are shown in Table 2. Using this modelstrain (compare Figure 3A and 3E). This is consistent
and these rates, the results predicted by the PIES modelwith a translation-dependent stabilizer element in the
agree quite well with the experimental observations for45%–50% of PGK1 coding region that inhibits mRNA
PGK1C22, PGK1C142, PGK1C225, and PGK1C319 (Ta-decapping (Ruiz-Echevarria et al., 2001). Consistent with
ble 2). For example, one prediction of the PIES modelan accelerated rate of decapping, we found that the
is that the steady-state poly(A) distribution should varysteady-state level of PGK1C22 is only restored to about
as a function of the position of the nonsense codon,41% of normal PGK1 level in an upf1 strain (Fig-
with more distal nonsense codons showing more dead-ure 1C).
enylated transcripts due to the slower rate of decapping.
To test this prediction, we examined the steady-state
A Robust Computational Model of Nonsense- poly(A) distribution for PGK1 with different positions of
Mediated mRNA Decay nonsense codons. As predicted, we observed that as
The above experiments provided several insights into the nonsense codon moved further 3 in the coding
the mechanism of NMD. In order to evaluate our under- region, the distribution of poly(A) tails increased (Fig-
standing of NMD, we attempted to use this knowledge ure 7A).
An important issue is whether the model we devel-to develop a second computational model of NMD. We
Mechanisms of NMD in Yeast
541
Figure 6. The PIES Model for NMD
(A) The cartooned model.
(B) The modeling framework for the cartoon shown in (A).
oped by analyzing the PGK1 mRNA is generally applica- with this prediction, we observed that as the nonsense
codon is moved down in the HIS4 coding region, theble. In address this issue, we examined the conse-
quence of nonsense codons in several different corresponding transcripts show a broader distribution
of poly(A) tail lengths (Figure 7B). These results arguepositions within the HIS4 mRNA, which is also known
to show a polar effect of NMD (Leeds et al., 1991; Hagan that the PIES model is broadly applicable in yeast and
presumably some other eukaryotes as well (see Discus-et al., 1995). We created a series of nonsense codons
at 15%(C120), 30%(C240), 50%(C398), 70% (C560), and sion). In the course of this analysis we observed that
the HIS4 mRNAs has two different 3 ends differing by90% (C719) and verified they showed a polar effect on
the steady-state levels of the HIS4 mRNA (Figure 7B). approximately 50 nucleotides, both of which show the
expected behavior (data not shown). However, in orderMoreover, if the HIS4 nonsense transcripts have the
same behavior as the PGK1 transcripts, then different to avoid overlap between these species, the blot shown
uses an oligonucleotide probe that only detects thenonsense codon positions should show the same ef-
fects on steady-state poly(A) tail lengths. Consistent longer transcript.
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discussed above. Alternatively, because of diverse func-
tions of the poly(A) binding protein (Caponigro and Par-
ker, 1995; Tucker et al., 2002; Tarun and Sachs, 1995),
we speculate that the function of the Upf proteins, either
directly or through interactions with translation initiation
factors (Mendell et al., 2000), may be able to inactivate
Pab1p function, thereby explaining the deadenylation-
independent decapping, decreased translation, and
faster deadenylation seen in nonsense-containing mRNAs.
Thus, one simple difference in mRNP organization might
explain all the features of NMD.
Distinction of Normal from Nonsense-Containing
mRNAs in Yeast Is Highly Efficient
Our experiments indicate that normal and nonsense-
containing PGK1 mRNAs are efficiently distinguished in
yeast regardless of the position of the nonsense codon.
The key observation is that for every nonsense codon
we examined, the entire observable population of tran-
scripts showed Upf1p dependent acceleration of some
aspect of mRNA decay. For early nonsense codons such
as PGK1C22 and PGK1C142, this is primarily observed
as a rapid rate of decapping (Figures 3A–3B). For later
codons, such as PGK1C225 and PGK1C319, the easily
observed consequence of the nonsense codon is to
accelerate deadenylation (Figures 3C–3D). We cannot
Figure 7. The PIES Model Can Apply to Other Yeast Transcripts in rule out that a small percentage (2%) of any nonsense-
addition to PGK1. containing transcript escapes NMD but it is below the
Shown are steady-state poly(A) distributions of PGK1 and HIS4. amount we would detect on a Northern blot. We interpret
(A) The steady-state distribution for PGK1. dT indicates oligo dT/ this data to indicate that essentially every yeast tran-
RnaseH cleavage to indicate the position of fully deadenylated spe-
script with a nonsense codon is distinguished from thecies. 50 g of C22 and C142, 40 g of C225, and C319 and 10 g
normal mRNA in an Upf1p-dependent manner. A corol-of normal PGK1 were run for the blot shown.
lary of this conclusion is that the polarity effects of non-(B) The steady-state distribution for HIS4. 45 g of each total RNA
were run for the blot shown. The blot shown was probed with sense codons, where 5 nonsense codons enhance de-
oRP1144. The levels of nonsense-containing HIS4 relative to normal cay rates more than 3 nonsense codons, cannot be
HIS4 (set at 100) are shown at the bottom of the gel. The quantitation due to a position-dependent efficiency with which non-
is done by normalizing to the levels of 7s rRNA on the agarose gel
sense-containing and normal transcripts are distin-probed with oRP1143.
guished. This latter conclusion is supported by our com-
putational modeling, which indicates that even trace
amount of transcripts (2%) escaping surveillance willDiscussion
disrupt the correlation between steady-state level
change and half-life change. This high efficiency of sur-Nonsense-Containing mRNAs Show Multiple
veillance could be achieved either by a stringent assess-Alterations in mRNA Metabolism
ment during the first round of translation, or by non-Several observations now indicate that when yeast
sense-containing transcripts being recognized duringmRNAs are recognized as “nonsense containing” there
every round of translation at a reasonable efficiencyare multiple changes in the metabolism of those mRNAs.
such that after a few rounds of translation the overallFirst, regardless of the position of the nonsense codon,
efficiency is extremely high.the dependence of decapping on deadenylation is re-
moved (Muhlrad and Parker, 1994; Figure 3). Second,
the rate of decapping is also accelerated in a position- Polarity of NMD Is Due To Position-Dependent
Rates of Decappingdependent manner. Specifically, the closer to the 5 end
a nonsense codon is, the more the decapping rate is Several observations demonstrate that the polarity ef-
fect of nonsense codons is due to position-dependentincreased (Figure 3 and Table 2). Third, the deadenyla-
tion rate is accelerated (Figures 3, 4, and 5). In addition, effects on the rate of decapping. First, results from tran-
scriptional pulse-chase analyses indicate that the polarnonsense-containing mRNAs have been shown to re-
duce translation efficiencies (Muhlrad and Parker. 1999). effect is due to position-dependent rates of decay fol-
lowing recognition by NMD instead of different surveil-Moreover, because these changes are all dependent on
Upf1p, it argues that Upf1p function leads to a critical lance efficiencies (Figure 3). Second, direct measure-
ment of deadenylation rates at different nonsense codondifference in mRNP organization.
An unresolved issue is the transition in mRNP organi- positions indicates that all positions show similar rates
of deadenylation (Figures 3, 4, and 5). Third, the half-zation promoted by the Upf proteins. One possibility is
that the Upf proteins lead to a diversity of mRNP lives of PGK1 mRNAs with different positions of non-
sense codon are all approximately 20 min in a dcp2changes that leads to the differences in mRNA function
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strain, arguing that the rate of deadenylation and 3 to not able to initiate translation initiation undergo dead-
enylation at a rate similar to the nonsense-containing5 is similar for all nonsense codon positions. Fourth,
the rate of 5 to 3 exonuclease decay is fast and is PGK1 transcripts (Muhlrad et al., 1995). However, regard-
less of the mechanism, an important implication of theunlikely to be a rate-limiting step (Muhlrad and Parker,
1994). Fifth, when the decapping rate is decreased by Upf1p-dependent accelerated deadenylation without
immediate decapping, is that recognition of an mRNAthe dcp1-2 lesion, the PGK1C22 transcript behaves very
similar to PGK1C225 (Figure 4 and data not shown). This as nonsense containing by the Upf proteins is neces-
sary, but not sufficient, for decapping of the transcript.suggests that PGK1C22 has a faster decapping rate
than PGK1C225. Taken together, we conclude that the
polar effect is caused, at least in part, by position- Insights from the Computational Model of NMD
dependent rates of decapping. Our computational mod- Based on the experimental observations presented in
eling also supports this conclusion because assignment this work, we developed a robust mathematical model
of different rates of decapping to different nonsense of NMD. This model accurately predicts the behavior of
codon positions reproduces the in vivo properties of all the different nonsense codons in PGK1. Moreover,
NMD. However, it should be noted that we cannot yet this model leads to several insights into the properties
rule out the possibility that there might be additional of NMD. First, this model allows for an explanation of
factors that contribute to the polar effect. the behavior of some mRNAs that change their levels
An intriguing issue is why different positions of non- in response to an upf1 but do not change their decay
sense codons would give different rates of decapping. rates from steady state. Specifically, the yeast CTF13
One possibility was that different positions would vary mRNA increases in amounts in an upf1 but does not
the efficiency of Upf1p function. However, since all non- show significantly altered decay rates (Dahlseid et al.,
sense codons show similar rates of Upf1p dependent 1998). This behavior is exactly what is predicted for a
enhanced deadenylation, it is highly likely that Upf1p is transcript that undergoes partial distinction at the early
functioning equally well at all nonsense codon positions. partitioning phase, which is presumably during first
This suggests that the position-dependent differences round of translation. Similar results are often seen with
in decapping rate are due to differences in the ability of mammalian cells (for review, see Maquat, 1995). For
Upf1p to trigger decapping. Two possible explanations example, nonsense codons in the human TPI transcript
for this effect can be suggested. First, as proposed reduce the abundance without affecting the half-life of
earlier (Peltz et al., 1993), it is possible that there are cytoplasmic mRNA (Cheng and Maquat, 1993). Given
sequence elements within the coding region, which this, we predict that NMD in mammals will be similar in
when translated over, lead to decreased rates of decap- mechanism but with a less absolute distinction at the
ping, even in the presence of Upf1p action. Since the early partitioning phase. However, the NMD for the TCR-
polar effect of nonsense codons is seen with many 	 transcripts in mammals is likely to be highly efficient,
mRNAs, such elements would need to be quite ubiqui- because it shows a similar polar effect as the yeast
tous. An alternative explanation is that the effect on PGK1 transcripts examined here (Wang et al., 2002).
decapping could be related to the distance from the Two sets of observations suggest that the PIES model
nonsense codon, either to the translational start codon, will be generally applicable in multiple eukaryotes. First,
and/or to the 3 end of the mRNA. examination of the yeast HIS4 mRNA indicates that dif-
ferent nonsense codon positions in this mRNA give re-
sults consistent with the predictions of the PIES model.NMD and the Acceleration of Deadenylation
An unresolved issue is the mechanistic explanation for In addition, our model also provides a mechanistic ex-
planation for the observation of alcohol dehydrogenaseaccelerated Upf1p dependent deadenylation of non-
sense-containing PGK1 transcripts. Although this accel- transcript of Drosophila with different positions of non-
sense codon, in which more 5 nonsense codons leaderation could be due to activation of a novel deadeny-
lase, we have shown that NMD-triggered deadenylation to lower abundance and longer poly(A) tails at steady
state than mRNAs with 3 nonsense codons (Brogna,requires the Ccr4p deadenylase (data not shown), which
is the predominant deadenylase in yeast (Tucker et al., 1999). This behavior is predicted by the PIES model
and suggests that this model of NMD might also, at a2001). There are two general possibilities for how non-
sense codons could activate Ccr4p function. First, it minimum, be applicable to Drosophila melanogaster.
Surprisingly, this work in Drosophila also found non-could be the recognition of the mRNA as aberrant leads
to Upf1p function and an alteration in the mRNP that sense-codon dependent alterations in the poly(A) tail
length on pre-mRNAs, which suggests there are addi-increases access to both decapping enzyme and the
Ccr4p deadenylase. An alternative possibility is that all tional features to this process that are not yet under-
stood.mRNAs are initially produced in a form where they are
a substrate for rapid deadenylation. In this view, a suc- Our modeling also indicates that mRNA with nonsense
codons at different positions should be expected tocessful round of translation, as defined by reaching the
normal translation termination codon, is required for a respond differently to trans-acting mutations that affect
individual steps in NMD. This is a consequence of havingtransition in mRNP organization that allows the mRNA to
undergo slow deadenylation. If translation never termi- different steps in the overall decay process being the
slowest step for different nonsense codon positions.nates properly, the normal mRNP transition is prevented
and the mRNP exists in a form subject to enhanced For example, the observed decay rate of the PGK1C22
mRNA is limited by the rate of mRNA transport in thedeadenylation. Interestingly, this latter possibility is con-
sistent with the observations that PGK1 mRNAs that are diagram shown in Figure 6B, and therefore is only af-
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time course and quickly frozen. For the transcriptional pulse-chasefected to a small extent by changes in the rates of decap-
experiments, cells were first grown in selective media containing 2%ping. Consistent with this modeling, we do observe sub-
raffinose, 1% sucrose until OD600 of 0.3–0.35. Cells were harvested.stantial stabilization of this transcript in a mutant
Transcription was then induced by the addition of galactose to final
defective in RNA transport (Hilleren and Parker, 2001). concentration of 2%. After a brief incubation of 7 min, glucose was
However, we find that the decay rate of the PGK1C22 added to a final concentration of 4%. Aliquots were taken over
time. Steady-state level comparisons were performed by extractingtranscript from steady state is only changed slightly
mRNA from cultures grown to mid-log phase in 2% of galactosein a dcp1-2 mutant at 30C (from 0.8 to 1.6), where
(for PGK1) or glucose (for HIS4) containing selective media. All ex-decapping rate is estimated to be decreased by 10-fold
periments are performed at 30 degrees.(data not shown). It should also be noted that this small
Yeast total mRNA extractions were performed as previously de-
change in decay rate is difficult to distinguish since it scribed (Muhlrad and Parker, 1994). RNAs were analyzed by running
is faster than commonly taken time points. This is also equal amounts of total mRNA on either 1.25% formaldehyde agarose
gel or 6% polyacrylamide/7.5 M urea gel. All Northern blots for PGK1consistent with the observation that nonsense-con-
were probed using oRP141 specific for PGK1PG unless otherwisetaining transcripts are not sensitive to partial decapping
indicated. RNAs for analyzing PGK1 running on polyacrylamide gelmutants (Tharun and Parker, 1999). In contrast, the de-
were RnaseH cleaved with oligo oRP1113 (CCAAAGAAGCACCACcay rates of mRNAs with later nonsense codons (such
CACCAGT) before running the gel. Northern blot for HIS4 were
as PGK1C225) are limited by decapping rate and would probed using oRP1143 (ATTATTTTCGTTAGTGTTCGGTT) and
be predicted to be more sensitive to minor changes in oRP1144 (CCATTCATTACATAGTGTATCTC), separately. RNAs for
analyzing HIS4 running on polyacrylamide gel were RnaseH cleavedNMD stimulated decapping rate.
with oligo1142 (TTGGCAACGCACATAACAGCTC) before runningIn this work, computational modeling served as a test-
the gel.ing tool for the leaky-surveillance tool and a predictive
The half-lives and steady-state levels were computed by normaliz-tool for new hypothesis. Future use of this kind of ap-
ing to the signal of 7s rRNA in each lane.
proach by comparing computed and observed results
and analyzing the discrepancies should aid in our under- Computational Methods
standing of mRNA biogenesis and metabolism. Computer simulations were done in Matlab R12 (The Mathworks).
In detail, ordinary differential equations (ODE) were derived from
the model using same method as previously published (Cao andExperimental Procedures
Parker, 2001). The ODEs are solved in Matlab. The m-files we wrote
for the simulation can be downloaded at http://www.mcb.arizona.Strains and Plasmids
edu/Parker/default.html.The yeast strains used in this study are wild-type yRP683 (MAT
,
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